Escherichia coli was grown in a medium containing [1-14C]methionine and [methyl-3H]methionine, and the 3H/14C ratio was determined for each of the ribosomal proteins derived from the 70S ribosome. Evidence indicates that six proteins from the 50S subunit were methylated: L7, L9, Lii, L12, L18, and L33. Methylation of several other 50S proteins (such as Li, L3, L5, etc.) may also occur. The methylated amino acids in protein Lii have been characterized further and found to be predominately e-trimethyllysine. A small amount of a compound tentatively identified as NG, NIG-dimethylarginine was also detected.
Ribosomal proteins have been reported to contain methylated amino acids (1, (14) (15) (16) (17) . Comb et al. (1) found that the e-amino group of a lysine residue was methylated in vitro to yield e-monomethyllysine in ribosomal proteins isolated from the aquatic fungus Blastocladiella emersonii. However, it was not determined whether the e-monomethyllysine was contaminated with other methylated lysines such as e-dimethyllysine and e-trimethyllysine in these preparations. Terhorst et al. (16, 17) showed that 50% of one lysine residue in proteins L7 and L12 from Escherichia coli MRE 600 was methylated to e-monomethyllysine. Proteins L7 and L12 are identical, except that in L7 the aminoterminal serine is acetylated. Recently, Reporter (15) observed the presence of methylated amino acids in the acid hydrolysates of ribosomal proteins from both E. coli and Euglena gracilis. It was of interest to determine whether proteins other than L7 and L12 from E. coli are also methylated. In this paper, we report that several proteins from the 50S ribosomal subunits are methylated. The methylated amino acids in one of these proteins (Lii) were characterized further by two different methods. The possible function of the methylation reaction is discussed.
A preliminary account of this work was presented at the 74th Annual Meeting of the American Society for Microbiology, Chicago, Ill.
MATERIALS AND METHODS Bacterial strain. E. coli JC-355, a K-12 (Fmet-) strain provided by A. J. Clark, was used.
Growth of cells. Cells were grown in 10 ml of a (11) procedure, and the final ribosomal pellet was resuspended in the above buffer. Sixty absorbancy units (260 nm) of the 70S ribosomes in 0.5 ml of buffer was then adjusted to 0.1 M MgCl2, and the ribosomal ribonucleic acid was precipitated by the rapid addition of 2 volumes of glacial acetic acid according to the method of Hardy et al. (5) . The supernatant solution was lyophilized to dryness, and the proteins were dissolved in 0.15 ml of the sample gel solution used for the first-dimension run of the two-dimensional polyacrylamide gel electrophoresis procedure of Kaltschmidt and Wittmann (7) . After electrophoresis and staining of the gels, regions of the individual proteins were cut from the gels and counted by the procedure of Nashimoto et al. (9) . Because of the high pH of the first-dimension run (pH 8.6), the alkali-labile methyl esters of glutamic and aspartic acids will not survive the two-dimensional polyacrylamide gel electrophore- Identification of e-trimethyllysine by an amino acid analyzer. e-Trimethyllysine was also identified, using a Beckman automatic amino acid analyzer column (pH 5.84), by the procedure of Paik and Kim (13) .
RESULTS
Localization of methylated ribosomal proteins. The amino acid compositions for most of the ribosomal proteins of E. coli have been determined (3, 6, 8) . These data do not ordinarily reveal the presence of trace amounts of methylated amino acids, i.e., they must be specifically sought. So far, the primary amino acid sequences have been determined for only a few proteins. Among the proteins with known sequences, two acidic proteins from the 50S subunits (L7 and L12) have been found by Terhorst et al. (16, 17) tq contain E-monomethyllysine. Since there are at least 55 ribosomal proteins in E. coli (12) , it would be of importance to determine whether other proteins are also methylated. Cells were grown in a medium containing [1-14C] methionine and [methyl-3H]methionine of very high specific activity.
There is an equal probability that both isotopes will be incorporated into proteins and, in addition, if there is methylation, the radioactive donor will come from [methyl-8Hjmethionine via S-adenosyl-methionine. Thus, if a protein is methylated, the 3H/14C ratio will be higher than in those that are unmethylated (14) . Table 1 shows the 3H/14C ratios for all of the proteins from the 50S subunit of the 70S ribosome. There are five proteins (L7, L9, Lll, L18, and L33) that have 3H/14C ratios significantly higher than that of the unfractionated total ribosomal proteins (which has a ratio of 4.12). The sensitivity of the double-labeling experiment is dependent upon the number of methionine residues in the protein: the lower the number, the higher the sensitivity. The reason for the high 3H/1"C ratio in protein L33 is due to the fact that it contains no methionine residues (6); thus, any slight methylation would result in a high 3H/'4C ratio. As expected from the results of Terhorst et al. (16, 17) , protein L7 exhibits an elevated 3H/"4C ratio. The lower-than-expected 3H/14C value for protein L12, already known to be methylated (16, 17) , was probably due to the fact that proteins L12 and S6 migrated together during two-dimensional polyacrylamide gel electrophoresis. Protein S6 contains approximately six methionine residues, whereas protein L12 contains three methionine residues (4, 6, 16, 17) . Therefore, the contamination of protein L12 by protein S6 could significantly lower the 3H/14C ratio even though protein L12 may have a high 3H/14C ratio by itself. To clarify whether protein L12 is methylated, 50S ribosomal subunits were isolated from the 70S ribosome by sucrose gradient centrifugation in low-Mg2+ buffer (2) before the two-dimensional polyacrylamide gel electrophoresis. It was observed that both proteins L7 and L12 had nearly the same 'H/14C ratio, which was significantly higher than that of the unfractionated total 50S subunit proteins (F. N. Chang and C. N. Chang, unpublished data). This suggests that protein L12 is also methylated. Several other 50S proteins such as Li,L3, L5, L16, L21 and L29 also have significantly higher 3H/14C ratios, indicating they may also contain methylated amino acids. Table 2 shows the 3H/14C ratios of proteins from the 30S subunit. With the possible exceptions of S10 and S16, none of these proteins has high 8H/14C ratio. It thus appears that methylated amino acids occur in several of the ribosomal proteins, being predominately (perhaps exclusively) localized in the 50S subunit proteins.
Analysis of methylated amino acids in protein LIi. Of the five proteins that have high 3H/14C ratios (L7, L9, Lii, L18, and L33), Lii was chosen for further analysis because it has the highest 3H counts, indicating it may be heavily methylated. The methylated amino acids in protein Lii were analyzed by two separate methods. The first method involved the high-voltage paper electrophoresis supplemented with descending paper chromatography, and the second method involved the amino acid analyzer. Figure 1 shows the presence of methylated lysine and a very small amount of a compound with the same mobility as NG,NIG_ dimethylarginine, as determined by the paper electrophoresis procedure. Since methylated lysines cannot be separated by the paper electrophoresis procedure, the descending paper chromatography procedure was used to identify the nature of the methylated lysine. Protein Lll contains predominately e-trimethyllysine and a trace amount of e-monomethyllysine (Fig. 2) . The amount of e-monomethyllysine seemed to vary from experiment to experiment, and cer- tain preparations were devoid of this methylated amino acid. No e-dimethyllysine was found. The presence of E-trimethyllysine was verified by an amino acid analyzer (Fig. 3) . (The amino acid analyzer also revealed the presence of several radioactive peaks in the region of neutral amino acids. However, the exact identity of these radioactive compounds has not been determined. These radioactive peaks could be due to the following compounds: methionine, methionine sulfoxide, methionine sulfone, incomplete hydrolyzed peptides containing methionine, or other unidentified methylated amino acid [s] .) The other two methylated amino acids (NG,NG -dimethylarginine and e-monomethyllysine) were present in such small amounts that we were unable to confirm their identify by use of an amino acid analyzer. Because of its sensitivity, the combined paper electrophoresis-paper chromatography procedure is preferable for the detection of small amounts of methylated derivatives of lysine, arginine, or histidine. We have also not completely eliminated the possibility that the minor methylated amino acids were due to contamination by other neighboring proteins during the cutting out of protein Lii from the two-dimensional gel. This possibility, however, seems to be unlikely because we have also analyzed proteins L6 and S5, which migrated very close to protein Li1, and found no N G,NP G-dimethylarginine Based on the fact that most contractile proteins contain methylated amino acids (14) and the involvement of proteins L7 and L12 in the translocation step of peptide elongation, Terhorst et al. suggested that the presence of e-monomethyllysine in L7 and L12 may be required for the translocation process (17) . Our present data demonstrated that, in addition to proteins L7 and L12, several other 50S ribosomal proteins, such as L9, Lii, L18 and L33, are also methylated ( h. e-Dinitrophenol-lysine was used as a marker. After sulfoxide (M-SO) under the experimental conditions. chromatography, the paper was sprayed with ninhy-e-Dimethyllysine, if present, would migrate at 21 cm drin and counted as described in the legend to Fig. 1 
